One contribution of 17 to a discussion meeting issue 'Foundations of quantum mechanics and their impact on contemporary society' .
Recent interest in quantum communications has stimulated great technological progress in satellite quantum technologies. These advances have rendered the aforesaid technologies mature enough to support the realization of experiments that test the foundations of quantum theory at unprecedented scales and in the unexplored space environment. Such experiments, in fact, could explore the boundaries of quantum theory and may provide new insights to investigate phenomena where gravity affects quantum objects. Here, we review recent results in satellite quantum communications and discuss possible phenomena that could be observable with current technologies. Furthermore, stressing the fact that space represents an incredible resource to realize new experiments aimed at highlighting some physical effects, we challenge the community to propose new experiments that unveil the interplay between quantum mechanics and gravity that could be realizable in the near future.
This article is part of a discussion meeting issue 'Foundations of quantum mechanics and their impact on contemporary society'. A 100 MHz train of qubit pulses is directed towards a satellite equipped with corner-cube retroreflectors. Such a scheme has allowed the study of polarization encoding [23] and time-bin encoding [24] for quantum satellite communications as well as the realization of a satellite version of Wheeler's delayed-choice experiment [21] . In the left inset, a typical detection histogram is observed where the quantum signal is well distinct from the background noise. In the right inset, the timing and synchronization of the qubit train with respect to the strong satellite laser ranging (SLR) pulses are observed. SLR pulses are required to determine the expected time of arrival of the retroreflected qubit pulses as well as the calculation of effects dependent on the satellite orbit. different encodings available [16] . In this section, the photon degrees of freedom available for quantum satellite experiments will be discussed.
(a) Polarization
Photon polarization is a suitable way for exchanging quantum information since the atmosphere does not significantly affect the polarization state of light, nor does the Faraday effect due to the Earth's magnetic field [22] . Furthermore, since single-photon polarization is the simplest physical implementation of the non-interacting qubit, it is a natural candidate for satellite quantum communications over long distances. Working upon such bases, in 2015, the study by Vallone et al. experimentally demonstrated the preservation of single-photon polarization over a satelliteto-ground channel exploiting a two-way scheme [23] . By modifying the optical set-up of the Italian Space Agency's (ASI) Matera Laser Ranging Observatory and by exploiting orbiting satellites equipped with metallic corner-cube retroreflectors, an in-orbit source of coherent pulses attenuated to the single-photon level was emulated. By taking data from several satellites (namely Jason-2, Larets, Starlette, Stella), an average quantum bit error ratio of (4.6 ± 0.8)% was demonstrated. The general scheme of the experiment can be observed in figure 1. Such a result proved that a faithful transmission of different polarization qubits can be obtained in several conditions and satellite orbits. Furthermore, it demonstrated the feasibility of QKD via the BB84 protocol [25] along a satellite-to-ground channel. These results were then corroborated by the National Institute of Information and Communications Technology (NICT) in Japan, which launched a low-Earth-orbit satellite in 2014 carrying a lasercom terminal (SOTA), designed for in-orbit technological demonstrations [26] . In 2017, Takenaka et al. [27] reported on a quantum-limited polarization-encoded communication between SOTA and a ground station.
In 2017, as reported by Lo et al., the decoy-state QKD protocol [28] was successfully implemented between the Micius satellite and a ground station with a kilohertz key rate using polarization encoding [19] . Furthermore, still in 2017, Ren et al. reported on the successful implementation of a ground-to-satellite quantum teleportation protocol [18] . A polarizationencoded photon was generated at the ground station together with a polarization-entangled photon pair. The polarization-encoded photon and one photon from the entangled pair were then projected into a Bell state while the other photon from the entangled pair was directed towards the Micius satellite where it was detected with a fidelity of 0.80, well above the classical limit of 2 3 . Such experiments demonstrate that the technological advances in quantum optics and satellite technologies are mature enough for a global-scale quantum communication network that exploits the single-photon polarization degree of freedom as encoding.
Additionally, in September 2017, the Chinese group, in collaboration with the University of Vienna, realized the first intercontinental video-call encrypted via satellite QKD [20] . The Micius satellite exchanged the cryptographic key with two ground stations, the first in Xinglong (near Beijing, China) and the second one in Graz (near Vienna, Austria), allowing the realization of such a call at the intercontinental distance of 7600 km.
The Micius satellite and polarization encoding were also used to study a highly counterintuitive aspect of quantum mechanics, that is, entanglement. In fact, the violation of Bell's inequality is of paramount importance for fundamental physics, because it excludes the existence of hidden-variable theories that can describe the non-local correlations between entangled systems [29] . In 2017, Yin et al. [17] reported on the long-distance distribution of an entangled particle to two distinct locations separated by 1203 km via two satellite-to-ground downlinks. A Bell test was performed on these particles, obtaining a Bell parameter of 2.37 ± 0.09, violating the local-hidden-variable bound under strict Einstein locality conditions.
(b) Time bin
Another possible encoding for space quantum communications is given by the temporal degree of freedom of photons, i.e. the time-bin encoding. In 2016, the study by Vallone et al. [24] reported the observation of single-photon interference of coherent pulses that had travelled a path length of up to 5000 km. The optical set-up of the Matera Laser Ranging Observatory was modified to produce a coherent superposition of two temporal modes of light and to direct this signal to satellites equipped with corner-cube retroreflectors (namely Beacon-C, Stella, Ajisai). By re-collecting the photons at the ground station on their way back, an interference pattern with visibility up to 67% was observed. Notably, this interference pattern was modulated by a kinematic phase due to the relative velocity of the satellite with respect to the ground station, an effect that can be predicted with a special relativistic calculation. This kinematic phase shift is further explained in figure 2.
(c) Continuous variables
Alternatives to the discrete-variables encodings given by polarization and time bin are also under investigation. For example, encoding information in the quadratures of quantum states of light, i.e. continuous variables, can also be a possibility for satellite quantum communications. This type of encoding is promising specially due to the high transmission rates it could achieve. In 2017, Günthner et al. reported on the quantum-limited coherent measurement of optical signals sent by a geostationary satellite to a ground station [30] . These results show that future [24] , a relative phase ϕ(t) is determined by the satellite instantaneous radial velocity with respect to the ground, v r (t). Intuitively, the satellite motion determines a shift δr(t) ≈ v r (t) t of the reflector's radial position during the separation t between the two temporal modes of the wave packet. Such a shift modifies the separation of the two temporal modes as t = t + δr(t)/c. As δr(t) is much smaller than the coherence length of the wave packet, a phase shift is observed. A special relativistic calculation yields the following formula for this kinematic phase shift: ϕ(t) = (2β(t)/(1 + β(t)))(2π c/λ) t, where the parameter β = v r (t)/c. technological developments could render homodyne-detection-based quantum communication protocols feasible also from space.
From polarization and time-bin encodings to a satellite Wheeler's delayedchoice experiment
The technological improvements and the technical developments that fostered the previously discussed experimental results can be used to test one fundamental aspect of quantum mechanics, namely wave-particle duality. The complementary wave-or particle-like behaviour of photons is one of the most counterintuitive aspects of quantum theory, causing heated debates between its founders, such as Niels Bohr and Albert Einstein [31] . The impossibility of revealing both the wave-and particle-like properties of a quantum object at the same time is perhaps the most disturbing implication of complementarity. To demonstrate that a classical interpretation of physics would lead to contradictions, John Archibald Wheeler proposed the delayed-choice Gedanken experiment [32] . A photon wave packet enters the first beam splitter (BS) of an interferometer, which extends along thousands of kilometres in space. The interferometer can be randomly arranged according to two configurations that correspond to the presence or the absence of the second BS (in/out BS) located on the Earth. Following Wheeler's idea, the configuration choice is performed when the photon has already entered the interferometer. In the actual implementation of Vedovato et al. [21] , the interferometer begins and terminates at the MLRO, extending up to the target satellite, and the measurement choice performed on the ground is space-like separated from the photon reflection at the satellite.
In his idea, depicted in figure 3 , a photon enters an interferometer that can be arranged according to two alternative configurations. If the interferometer is closed, one can observe an interference pattern, reflecting the fact that the photon travelled both routes at the same time, as a classical wave. If the interferometer is left open, then the two detectors show a flat probability distribution in the recorded clicks, reflecting the fact that the photon travelled along only one arm of the interferometer, as a classical particle. The mutual exclusivity of the two experimental arrangements needed for observing the two complementary behaviours allows one to consider the photon to be either a wave or a particle at any moment of the experiment. To prevent any causal link between the configuration choice and the photon's behaviour, Wheeler proposed to delay the final setting of the apparatus until after the photon had already entered the interferometer, preventing it from knowing beforehand how to behave.
In 2017, we reported in the work by Vedovato et al. [21] the implementation of Wheeler's idea along a satellite-ground interferometer that extends for thousands of kilometres in space. By exploiting the temporal and polarization degrees of freedom of photons reflected by fastmoving satellites equipped with retroreflecting mirrors (namely Beacon-C and Starlette), the complementary wave-or particle-like behaviour of photons was observed, extending the validity of the quantum mechanical description of complementarity to the unprecedented distance of 3500 km. The delayed choice is performed by a quantum random number generator (QRNG) while the photons are still propagating back to the ground station, guaranteeing a space-like separation between the configuration choice and the photon reflection by the satellite. We 
Towards higher orbits and highly elliptical orbits
Efforts to extend the range available for satellite quantum technologies have also been made. A single-photon exchange from a medium-Earth-orbit satellite at more than 7000 km of slant distance to the ground station was reported by Dequal et al. in 2016 [33] . Just recently, in April 2018, the first experimental exchange of single photons from the Global Navigation Satellite System (GNSS) at a slant distance of 20 000 km was reported [34] . These results were obtained at the Matera Laser Ranging Observatory by modifying the optical set-up and exploiting the retro-reflecting corner cubes of the LAGEOS1 and LAGEOS2 geodynamic satellites in the case of medium-Earth-orbit satellites and of GLONASS-131 and GLONASS-134 in the case of GNSS.
A future objective of satellite quantum communications is certainly the single-photon transmission from geostationary satellites, which orbit the Earth with a slant distance of approximately 36 000 km. In July 2017, the Chinese Academy of Science attempted this experiment, but the rocket transporting the quantum payload suffered a major setback, causing the mission to fail [35] . Such efforts will enable, in the near future, the design of new experiments that will test quantum mechanics at higher orbits and permit the use of satellites following highly elliptical orbits.
Future perspectives
The experiments and the proposals described in the previous section are mainly focused on the applications of quantum communications in space for secure communications over long distances or for implementing standard quantum protocols or realizing fundamental-like tests in the new space scenario. Of course, testing the validity limits of a physical theory is of extraordinary importance, as each theory is valid only within the limits in which it has been experimentally confirmed.
However, we want to stress the fact that space represents an incredible resource for realizing new experiments aimed at highlighting some physical effects, for example, the ones due to gravity, that are highly challenging, if not impossible, to detect staying on the Earth. In particular, quantum optics technologies, and their availability and robustness even in the hostile space environment, provide long-distance photon propagation as a exploitable tool to investigate one of the biggest puzzles in modern physics, that is, the interplay between gravitation and quantum mechanics.
For example, in the review by Rideout et al. [1] , a collection of experiments of increasing difficulties and ambitions are reported. The authors proposed 'to push direct tests of quantum theory to larger and larger length scales, approaching that of the radius of curvature of spacetime, where we begin to probe the interaction between gravity and quantum phenomena'. Furthermore, they attempted to estimate the magnitudes of the predicted effects, in view of both determining the applicability of quantum mechanics in increasing relativistic regimes and placing bounds on phenomenological models provided by different quantum-gravity theories of space-time micro-structure.
Recently, the Space QUEST topical team has proposed a satellite mission to experimentally test quantum decoherence due to gravity [15] . In particular, this mission will try to observe the effect predicted by Ralph et al. where a bipartite entangled system could decohere if each particle traversed through a different gravitational field gradient [36, 37] . A ground-to-space uplink scenario is proposed where one photon of each entangled pair is detected on the ground while the other is sent to the International Space Station.
But one could go further by thinking of, and designing, experiments aimed at showing whether Lorentz invariance is broken, or not, at the Planck scale [38] , a debated manifestation of the discreteness of space-time, predicted within the context of quantum-gravity theories (e.g. loop quantum gravity [39] and doubly special relativity [40] ).
We want to challenge the quantum information and quantum optics communities to work towards both establishing the details of how such envisioned experiments may work in practice and conceiving new ideas where observable effects involving quantum-gravity interplay might indeed be observed.
Conclusion
The development of satellite quantum technologies represents a great opportunity to explore the boundaries of quantum mechanics, enabling us to experimentally prove the limits of this theory, the validity of its predictions in an as yet unexplored environment and to probe the interactions between gravity and quantum phenomena. Recent and future technological advances will enable the realization of experiments that can highlight effects where a unified theory of quantum mechanics and gravitation is needed to predict and explain the observations. We would like to conclude by challenging the community to propose new experiments, realizable in the near future, that could provide such observations. Data accessibility. This article has no supporting data. Authors' contributions. All authors contributed in writing the manuscript. Competing interests. We declare we have no competing interests. Funding. F.V., L.C. and M.S. acknowledge the Center of Studies and Activities for Space 'Giuseppe Colombo' for financial support.
